BMS-790052 is the most potent hepatitis C virus (HCV) inhibitor reported to date, with 50% effective concentrations (EC 50 s) of <50 pM against genotype 1 replicons. This exceptional potency translated to rapid viral load declines in a phase I clinical study. By targeting NS5A, BMS-790052 is distinct from most HCV inhibitors in clinical evaluation. As an initial step toward correlating in vitro and in vivo resistances, multiple cell lines and selective pressures were used to identify BMS-790052-resistant variants in genotype 1 replicons. Similarities and differences were observed between genotypes 1a and 1b. For genotype 1b, L31F/V, P32L, and Y93H/N were identified as primary resistance mutations. L23F, R30Q, and P58S acted as secondary resistance substitutions, enhancing the resistance of primary mutations but themselves not conferring resistance. For genotype 1a, more sites of resistance were identified, and substitutions at these sites (M28T, Q30E/H/R, L31M/V, P32L, and Y93C/H/N) conferred higher levels of resistance. For both subtypes, combining two resistance mutations markedly decreased inhibitor susceptibility. Selection studies with a 1b/1a hybrid replicon highlighted the importance of the NS5A N-terminal region in determining genotype-specific inhibitor responses. As single mutations, Q30E and Y93N in genotype 1a conferred the highest levels of resistance. For genotype 1b, BMS-790052 retained subnanomolar potency against all variants with single amino acid substitutions, suggesting that multiple mutations will likely be required for significant in vivo resistance in this genetic background. Importantly, BMS-790052-resistant variants remained fully sensitive to alpha interferon and small-molecule inhibitors of HCV protease and polymerase.
Hepatitis C virus (HCV) is a major cause of chronic liver disease, affecting up to 180 million people worldwide (24, 32) . HCV is an enveloped, positive-strand RNA virus and is the sole member of the Hepacivirus genus of the Flaviviridae family (17) . HCV is classified into six major genotypes, each with multiple subtypes, based on sequence diversity (17, 33) . The current standard of care for HCV infection includes therapy with a combination of pegylated alpha interferon (pegIFN-␣) and ribavirin. This treatment is often associated with limiting side effects, and effectiveness is highly genotype dependent (3, 30, 38) . For genotypes 1a and 1b, accounting for ϳ60% of global infections, long-term efficacy or a sustained virological response is achieved in only ϳ50% of chronically infected individuals (3, 24) . An increasing number of small-molecule inhibitors targeting specific viral proteins are entering into clinical evaluation (1, 25, 27, 30, 38) . Collectively, these inhibitors are often referred to as direct-acting antiviral agents (DAA). The most advanced of these inhibitors target enzymatic activities of the HCV nonstructural proteins NS3 (serine protease) and NS5B (RNA-dependent RNA polymerase) (1, 27) . We recently described a potent inhibitor of HCV RNA replication, BMS-790052, that targets HCV NS5A (6) . In a phase I clinical study, BMS-790052 was well tolerated and exhibited impressive antiviral activity, achieving mean reductions in HCV RNA of Ͼ3 log 10 IU/ml 24 h following single doses of 10 or 100 mg (6) .
NS5A, an essential component of the HCV replication complex (RC), does not possess any known enzymatic activities, and its role(s) in viral replication remains ill defined (reviewed in references 11 and 23) . NS5A possesses an RNA binding activity and is comprised of three distinct structural domains, as well as an amphipathic ␣-helix at its N terminus (amino acids [aa] 5 to 25) that functions in membrane localization (10, 28, 34) . Domain I (aa 37 to 213) is essential for viral RNA replication, possesses a zinc binding motif, and has been crystallized as a homodimer (22, 35) . Domains II (aa 250 to 342) and III (aa 356 to 447) are less well characterized and are natively unfolded (7, 18) .
The potential for viral resistance is a major concern in managing HCV infection through DAA strategies (14, 37) . While clinical trials of compounds targeting NS3 and NS5B have demonstrated potent antiviral activities, these trials have also revealed the rapid emergence of resistant viral variants (reviewed in references 12 and 29) . In this report, we provide a comprehensive analysis of the in vitro resistance profile of BMS-790052 against genotypes 1a and 1b. Our analysis significantly extends previous findings (6) and identifies both similarities and differences between genotype 1a and 1b resistance patterns. We also show that replicons highly resistant to BMS-790052 remain fully sensitive to pegIFN-␣ and DAA inhibitors of HCV NS3 and NS5B, underscoring the potential utility of including BMS-790052 in combination approaches to HCV therapy.
MATERIALS AND METHODS
Cell culture and HCV inhibitors. Human hepatoma (Huh-7) cells were maintained in Dulbecco's modified Eagle's medium supplemented with fetal bovine serum (10%), L-glutamine (2 mM), penicillin (100 units/ml), and streptomycin (100 g/ml). Genotype 1a (H77c) and 1b (con1) replicon cell lines used in this study have been described previously (15, 16, 26) . A genotype 1b replicon cell line with an adaptive mutation in NS5B (R2884G) was obtained from R. Bartenschlager (Huh-9-13) (21) . For cells harboring HCV replicons, complete medium was supplemented with 0.5 mg/ml G418 (Geneticin; Invitrogen Corp., Carlsbad, CA). Replicon cell lines with specific NS5A amino acid substitutions were established by selection with G418 as described previously (16) . A previously described cured Huh-7 replicon cell line which is highly permissive for HCV replicon replication was used for transient transfection assays (16) . BMS-790052 has been described previously (6) . HCV reference inhibitors were ITMN-191 (a protease inhibitor [PI] ) (31) , an analog of JTK-109 (NS5B-1; the desfluoro derivative of example 10h in reference 9), and HCV796 (NS5B-2) (13). pegIFN-␣ was purchased from Hoffmann-La Roche, Inc. (Nutley, NJ).
Resistance selection. Replicon cells plated in 100-or 150-mm tissue culture dishes were maintained in medium supplemented with 0.5 mg/ml G418 and the desired concentration of BMS-790052 in dimethyl sulfoxide (DMSO) (SigmaAldrich Corp., St. Louis, MO). Control cells were maintained with an equivalent percent volume of DMSO (Յ0.01%). Cells were split or fed with fresh medium containing inhibitor twice weekly to maintain a subconfluent monolayer. After approximately 4 to 5 weeks, pooled cells were expanded for phenotypic and genotypic analyses.
Genotypic analysis. Total RNA was isolated from replicon cells by use of Trizol (Invitrogen Corporation, Carlsbad, CA) following the manufacturer's protocol. For reverse transcription-PCR (RT-PCR), first-strand cDNA synthesis was performed with random hexamers, using a Superscript III first-strand cDNA synthesis kit (Invitrogen Corporation, Carlsbad, CA). PCR was performed with Platinum Taq high-fidelity DNA polymerase (Invitrogen Corporation, Carlsbad, CA). For genotype 1b replicons, primers were 5Ј-AGCCCGCTCACCACCCA ACATACC (forward) and 5Ј-TCCTCCGCAGCGCATGGCGTG (reverse). Genotype 1a primers were 5Ј-GGCTAATAGCCTTCGCCTCCCG (forward) and 5Ј-CGTCCTGGTAATGGCTGTCCAGAAC (reverse). Amplicons spanning NS5A were subjected directly to sequence analysis and were also used as inserts for cloning with a TOPO TA cloning kit (Invitrogen Corporation, Carlsbad, CA). Sequence analysis and alignments were performed with Lasergene DNAStar software (Madison, WI).
Phenotypic analysis. Parental genotype 1a and 1b replicon clones have been described previously (15, 16) . Amino acid substitutions in the NS5A coding region were introduced into replicon clones by recombinant PCR and standard cloning methods (8) . Cloning sites were Eco47III (in NS4B) and EcoRI (in NS5A) for the genotype 1b replicon and BstEII (in NS4B and NS5A) for the genotype 1a replicon. Desired changes were confirmed by sequence analysis. Parental replicon clones carried a Renilla luciferase reporter gene and had one (1b; S2204I) or two (1a; P1496L and S2204I) cell culture-adaptive mutations. Replicon clones were linearized with ScaI and transcribed in vitro with a T7 MEGAScript kit (Ambion Inc., Austin, TX). For transient replicon transfection assays, equal amounts of RNA (10 to 20 g) were transfected into Huh-7 cells (5,000,000 in 100-mm dishes) by use of DMRIE-C reagent (Invitrogen Corporation, Carlsbad, CA) following the manufacturer's protocol. After 16 h, cells were transferred to 96-well assay plates (10,000 cells/well in 200 l) (Corning Inc., Corning, NY), and dilutions of inhibitors in DMSO were added (1 l/well). After an additional 72 h, plates were washed (200 l phosphate-buffered saline [PBS]/well) and assayed with a Renilla luciferase assay system as described by the manufacturer (Promega Corporation, Madison, WI). The background, determined for wells containing a high concentration of an HCV NS3 PI (inhibiting Ն95% of replication), was subtracted from all wells (26) . Luminescence values averaged for 16 DMSO-treated wells were used to estimate the relative replication capacities of replicon variants. These values are reported relative to the value obtained for the parental replicon clone (100%), which was included as a control in each transient transfection assay. The 50% effective concentration (EC 50 ) was calculated as the concentration of inhibitor required for a 50% reduction in luciferase activity. Some differences in EC 50 s derived from transient  transfection assays and replicon cell lines were observed (compare values in  Tables 1, 3 , and 5), possibly reflecting differences in replicon replication between the two assays.
Replicon cell assays. Inhibitor susceptibilities on replicon cell lines were determined with an HCV NS3 protease-based fluorescence resonance energy transfer (FRET) assay as previously described (16, 26) . For cell lines harboring replicon clones with a Renilla luciferase reporter, assays were performed as described for transient transfection assays.
RESULTS
The discovery of BMS-790052 as a potent inhibitor of HCV RNA replication that targets NS5A was recently reported (6) . The chemical structure of BMS-790052 is shown in Fig. 1 . Preliminary characterization of the inhibitor revealed amino acid substitutions within the N-terminal region of NS5A that are associated with decreased inhibitor susceptibility (6) . Identified mutations were L31V and Y93H for genotype 1b and M28T, Q30H/R, L31M/V, and Y93C for genotype 1a. In preparation for advancing BMS-790052 to clinical evaluation, and to further assess the potential for in vivo resistance to this unique inhibitor, we greatly expanded our characterization of the in vitro resistance profile of BMS-790052 by performing resistance selections on multiple replicon cell lines and with various selective pressures. In total, 10 independent selections were performed on five cell lines harboring genotype 1b, 1a, or 1b/1a hybrid replicons. Parental cell lines, EC 50 s for BMS-790052, and inhibitor concentrations used for selections are summarized in Table 1 .
Genotype 1b resistance. For resistance selection, genotype 1b replicon cells were maintained in the presence of BMS-790052 at concentrations ranging from 50 to 500 pM (ϳ10 to 100 times the EC 50 ) ( Table 1) . The effects of different cellular backgrounds were assessed by using replicon cell lines with three different primary cell culture-adaptive mutations (20) ( Table 1) . For all selections, cells experienced reduced growth rates and cell death followed by a return to normal growth, at which time cells were tested for susceptibility to BMS-790052. As shown in Fig. 2 , the potency of BMS-790052, but not that of an HCV NS3 PI, was decreased in the inhibitor-treated cells relative to that in the DMSO-treated control cells. Although replicon RNA levels were not measured directly, uninhibited reporter signals from the control and inhibitor-selected cells were generally within a 2-fold difference of one another, suggesting that the cells had similar replicon replication capacities. Sequence analysis revealed variations at NS5A residues L31 and Y93 in bulk cDNAs recovered from all of the inhibitortreated cells (data not shown). Sequencing of individual NS5A cDNA clones confirmed the prevalence of mutations at these residues ( Table 2 ). L31V and Y93H were the predominant mutations observed in all of the cell line selections. Other amino acid substitutions at these positions were observed less frequently (L31F and Y93C/N/S) ( Table 2 ). In total, 69/79 cDNA clones isolated from BMS-790052-treated cells contained a mutation at either L31 or Y93; an additional 6 clones had substitutions at both of these positions ( Table 2 ). Of the remaining four clones, one each had a P32L, P58S, or I63V substitution, and one did not contain any changes within NS5A. Amino acid substitutions at L31, P32, P58, I63, and Y93 were not detected in 53 NS5A cDNA clones isolated from DMSO-treated control cells (data not shown). Several of the cDNA clones that had an L31 or Y93 mutation contained one or more additional changes within NS5A compared to the con1 replicon reference sequence. The inhibitor susceptibility phenotypes induced by most of these additional changes were not determined, since these changes were also observed in cDNA clones from the control cells or were represented infrequently in the cDNA clones from the inhibitor-treated cells. In clones from both inhibitor-treated and control cells, apparently random amino acid substitutions were more prevalent in the Cterminal region of NS5A, a part of the protein largely dispensable for replicon replication (19, 36) . Some secondary changes, however, were of potential interest because they were in close proximity to L31 or Y93 or occurred at residues that differed between the genotype 1a and 1b replicons (L23F, F37L, R30Q, and Q54H) ( Table 2) .
To assess the contributions of specific mutations to inhibitor sensitivity, changes were introduced into a 1b replicon clone and analyzed in transient replicon transfection assays ( Table  3) . As individual amino acid substitutions, L31V, P32L, Y93H, and Y93N all conferred similar and modest levels of resistance to BMS-790052, with increases in EC 50 s ranging from 17-to 28-fold above the wild-type control level (Table 3) . When L31V and Y93H mutations were combined in the same replicon, the effect on the inhibitor increased dramatically (8,336-fold resistance). Likewise, by itself, the L31F mutation had only a slight impact on BMS-790052 potency (5-fold), but when it was combined with the Y93H mutation, resistance was much greater (5,721-fold). The P58S mutation, identified in a single NS5A cDNA clone (Table 2) , did not affect BMS-790052 potency as a single mutation. However, the combination of P58S and L31V mutations yielded 162-fold resistance, which was much greater than that for L31V mutation alone (23-fold). L23F and R30Q mutations were both found in cDNA clones linked to the L31F mutation ( Table 2) . By themselves, these mutations did not affect BMS-790052 potency, but they did enhance the resistance phenotype of L31F mutants (Table 3) . In contrast, F37L and Q54H mutations, identified in clones linked to the Y93H mutation, had no effect on inhibitor potency either as individual mutations or in combination with Y93H mutation. The resistance phenotypes induced by the I63V, Y93C, and Y93S mutations, which were each observed in a single cDNA clone, have not yet been examined.
In addition to determining susceptibility to BMS-790052, an estimate of the replication fitness of the resistant variants was assessed (Table 3 ). Changes at L31 (to F, M, or V) were well tolerated, allowing replication levels similar to the wild-type control level. In contrast, replication of the Y93H/N and P32L variants was partially impaired (ϳ20% of the wild-type level). Values for all of the variants are provided in Table 3 .
Genotype 1a resistance. For genotype 1a resistance selection, replicon cells were maintained in the presence of 200 pM or 1 nM BMS-790052 (ϳ4-to 20-fold over the EC 50 ) ( Table 1) . Testing of selected cells for inhibitor sensitivity revealed that the increase in resistance was greater for genotype 1a cells than for genotype 1b cells selected at the same inhibitor concentration (compare fold resistances observed for genotype 1a and 1b cells selected at 200 pM BMS-790052 in Fig. 2 ). Sequencing of bulk cDNAs from inhibitor-treated cells also revealed a more complicated pattern of drug-induced mutations in the genotype 1a cells, including apparent substitutions at NS5A residues 28, 30, 31, and 93 (data not shown). To better identify potential resistant variants, sequence analysis was performed on individual cDNA clones (Table 4) . Of 49 clones isolated from the inhibitor-treated cells, all but 3 had an amino acid substitution at residue 28 (M28T), 30 (Q30E/H/R), 31 (L31M/ V), 32 (P32L), or 93 (Y93C/H/N). No changes at any of these positions were identified in 30 clones obtained from DMSOtreated cells (data not shown). Mutations at residue 30 were the most common, with 27 clones bearing an amino acid substitution at this residue. Of the three remaining clones, one had the M28T mutation together with the Y93C mutation, one had the H54Y mutation, and one was wild type at all of these positions (Table 4) .
In transient replicon transfection assays, the M28T, Q30H/R, L31M/V, P32L, and Y93C/H mutants showed reduced susceptibility to BMS-790052, by factors ranging from 233-to 5,367-fold compared to the 1a replicon control level ( Table 5 ). The levels of resistance were substantially greater with the Q30E and Y93N variants (24,933-and 47,017-fold, respectively). Substitutions at residue 93 (Y93C/H/N) had the greatest impact on replication fitness, with variants replicating at 11 to 18% of the wild-type level. In contrast, the L31V and Q30E variants replicated at least as well as the parental replicon. The H54Y mutation was not tested in the 1a replicon, but it did not confer resistance to BMS-790052 in the context of a 1b/1a hybrid replicon (Table 5 ; see below).
Resistance selection with a 1b/1a hybrid replicon cell line. Resistance studies identified both similarities (residues 31, 32, and 93) and differences (residues 28 and 30) in the patterns of resistance between genotypes 1a and 1b (Tables 2 and 4) . BMS-790052 was ϳ5 to 10 times less potent against genotype 1a than against genotype 1b replicon cells (Table 1) . Other NS5A inhibitors have been identified that display greater genotype 1a and 1b potency differences, and these differences are mediated at least partly by sequences within the NS5A N terminus (15) . To determine if the N-terminal region of NS5A is also sufficient to account for the differences in resistance selection observed with genotype 1a and 1b replicon cells, a cell line harboring a genotype 1b replicon clone with sequences encoding the first 100 amino acids of NS5A derived from genotype 1a (1b1a100) was used for resistance selection. The EC 50 of BMS-790052 on the parental hybrid replicon cell line was 25.4 Ϯ 2.7 pM; selections were carried out with BMS- (Table 4) . Overall, drug-induced mutations identified in the 1b1a100 replicon cell line were similar to those observed in the authentic genotype 1a background. As with genotype 1a replicon cells, but distinct from the case for genotype 1b cells, substitutions at residue 30 were the most commonly identified drug-induced changes. The inhibitor susceptibility phenotypes induced by a subset of mutations introduced into the 1b1a100 hybrid replicon background were determined in transient transfection assays (Table 5) . Qualitatively, the results were very similar to those obtained with the authentic 1a replicon. For example, in both replicon backgrounds, inhibitor susceptibilities were in the following order: M28T variants Ͼ Q30H/R variants Ͼ L31V variants. However, the fold resistance conferred by any given variant was ϳ7-to 20-fold higher in the genotype 1a replicon than in the hybrid replicon (Table 5) . Genotype 1a selection with high selective pressure. Selections performed with the genotype 1a replicon cells yielded predominantly variants with single amino acid substitutions (Table 4) . To determine the effect of increasing selective pressure, replicon cells originally selected with 200 pM BMS-790052 (Table 1) were subsequently treated with 1 M BMS-790052 until a resistant cell population emerged. Sequence analysis of NS5A cDNAs isolated from the pooled resistant cell population was difficult to interpret, displaying evidence of multiple substitutions at previously identified sites of resistance (data not shown). The complexity of the resistance pattern was verified by analysis of individual cDNA clones (Table 4) . Thirty of 42 clones contained a combination of two amino acid substitutions, at residues 28, 30, 31, 32, and/or 93 ( Table 4 ). The combination of the M28T and Q30H mutations was the most prevalent (9 clones), but several other combinations were also observed (Table 4) . To determine the phenotypes of variants with linked mutations, replicons with representative combinations (M28T ϩ Q30H, Q30H ϩ Y93H, and L31V ϩ Y93H) were tested in transient replication assays. These variants displayed very high levels of resistance to BMS-790052 (92,217-to Ͼ166,667-fold) but also exhibited impaired replication (20 to 30%) relative to that of the parental clone (Table 5) . Among the 12 clones that did not contain a double mutation, 2 had a Y93N change and 1 had a Q30E change. Not surprisingly, these were the single amino acid substitution variants with the greatest resistances to BMS-790052 in transient transfection assays (Table 5 ). The remaining nine clones contained an in-frame deletion of residue 30 (⌬Q30). The effect of the ⌬Q30 mutation on BMS-790052 potency was examined in transient transfection assays in the 1b1a100 hybrid replicon background. No inhibition of this variant was observed, even at 5 M BMS-790052 (Table 5) .
Effect of genotype 1a-specific mutations in the genotype 1b replicon. To explore differences in the genotype 1a and 1b resistance profiles, some of the mutations identified only in genotype 1a selections were introduced into the genotype 1b replicon. An alignment of the first 100 amino acids of the NS5A proteins from the genotype 1a (H77c) and 1b (con1) replicon clones is shown in Fig. 3 . Among the primary BMS-790052 resistance sites, the amino acid sequences are the same at residues 31, 32, and 93 but differ at residues 28 and 30 (Fig.  3) . M28T was a common resistance mutation in genotype 1a, but no substitutions at this residue were observed in genotype 1b (Tables 2 and 4 ). Replacing leucine with methionine (L28M) in genotype 1b did not substantially alter BMS-790052 susceptibility (Table 3) . However, introducing a threonine at this position (L28T) resulted in a 20-fold decrease in inhibitor (Table 3 ). This result therefore identifies L28T as a potential resistance mutation in genotype 1b. A second difference between genotype 1a and 1b replicon selections was observed with the L31M mutation, which was selected in genotype 1a but not genotype 1b (Tables 2 and 4) . Concordantly, an L31M change introduced into the genotype 1b replicon yielded minimal resistance to BMS-790052 (3-fold) (Table 3) . However, if the L31M mutation was combined with the Y93H mutation, the level of resistance was greatly enhanced (4,227-fold) ( Table 3 ), indicating that this mutation can also impact inhibitor sensitivity in genotype 1b.
The most distinct difference in the genotype 1a and 1b resistance profiles was observed at residue 30. Residue 30 was a major site of resistance in genotype 1a, with Q30R, Q30H, Q30E, and ⌬Q30 mutations all identified as resistance mutations (Table 4) . For genotype 1b, a mutation at residue 30 was observed (R30Q), but only as a secondary mutation in combination with L31F mutation (Table 2 ). To assess the potential impact of mutations at this position in genotype 1b, a glutamic acid residue was introduced at position 30 in the 1b replicon (R30E). While the Q30E mutation in genotype 1a yielded a very high level of resistance (ϳ25,000-fold) (Table 5) , the R30E genotype 1b variant was only slightly less sensitive to BMS-790052 than the wild-type replicon (6-fold resistance) ( Table 3) . Perhaps the most intriguing resistance mutation identified in the resistance studies was the deletion of residue 30 in genotype 1a under high selective pressure. When this change was introduced into the genotype 1b replicon (⌬R30), the resulting clone did not replicate in transient transfection assays (Table 3) . However, a cell line harboring a genotype 1b replicon with this deletion was established by selection with G418 (21) . Sequence analysis of NS5A cDNA recovered from this cell line confirmed the ⌬R30 mutation and also revealed a consensus P32L substitution. Since the ⌬R30 cell line was selected in the absence of inhibitor, we hypothesized that the P32L mutation might act as a compensatory mutation, enabling replication of the ⌬R30 variant. In transient transfection assays, a ⌬R30-plus-P32L replicon replicated at ϳ9% of the level of the wild-type control, confirming the compensatory ability of the P32L mutation (Table 3 ). The EC 50 of BMS-790052 was Ͼ1 M against the ⌬R30-plus-P32L replicon, suggesting that deletion of residue 30 severely impacts BMS-790052 potency in genotype 1b as well as genotype 1a.
Conservation of NS5A residues important for BMS-790052 resistance. The variation in NS5A in regions important for resistance development (residues 28 to 32 and 93) was examined in sequences deposited in the European HCV database (4). The genotype 1a and 1b consensus residues at these positions match the sequences from the H77c and con1 replicon clones ( Fig. 3 ; Table 6 ). The primary residues involved in genotype 1b resistance, L31 and Y93, were conserved in 93.7 and 91.6%, respectively, of the 1,796 database sequences (Table 6). The most frequently observed variation at residue 31 was the L31M mutation (3.8%), a change that by itself minimally affected BMS-790052 potency in the 1b replicon ( Table  3 ). The L31F and L31V resistance mutations were present in 0 and 2.1% of the sequences, respectively. The most common variation at residue 93 was the Y93H mutation, which was observed in 8.3% of the sequences. The Y93H substitution yielded ϳ19-fold reduced susceptibility to BMS-790052 in the 1b replicon clone (EC 50 ϭ 49.2 pM) ( Table 3) .
For genotype 1a, M28, Q30, L31, and P32 were conserved in Ͼ97% of the 548 database sequences ( Table 6 ). The most commonly observed resistance mutations were Q30H and Q30R, which were present in 1.1 and 1.3% of the sequences, respectively. Among the positions examined, residues 29 and 32 were the most conserved, with prolines present in Ն99.9% of the database sequences from genotypes 1a and 1b, suggesting that little variation may be tolerated at these positions in vivo.
Sensitivity of resistant variants to other HCV inhibitors. Many of the resistant variants identified in this study were still inhibited by BMS-790052, with EC 50 s in the picomolar to lownanomolar range (Tables 3 and 5 ). However, genotype 1a variants such as the Q30E and Y93N variants, as well as genotype 1a variants with linked resistance substitutions, exhibited much higher levels of resistance. We therefore tested a on October 15, 2017 by guest http://aac.asm.org/ subset of the highly resistant variants for sensitivity to other HCV inhibitors. For this analysis, replicon cell lines with specific amino acid substitutions in NS5A (Q30E, Y93N, Q30H ϩ Y93H, and M28T ϩ Y93H) were established and tested for susceptibility to pegIFN-␣, an HCV NS3 PI, and nonnucleoside inhibitors targeting the thumb (NS5B-1) and palm (NS5B-2) regions of NS5B. As reported in Table 7 , these replicon cell lines, although highly resistant to BMS-790052, remained fully sensitive to the other HCV inhibitors.
DISCUSSION
BMS-790052 is a novel small-molecule inhibitor of HCV replication that targets NS5A and has shown impressive clinical efficacy in a phase 1, single-ascending-dose trial (6) . With a target distinct from those of the many HCV protease and polymerase inhibitors in various stages of clinical development, BMS-790052 has the potential to be an important component in combination strategies for HCV therapy. As an initial step toward understanding the potential for in vivo resistance to this unique inhibitor, a comprehensive study of the resistance profile of BMS-790052 in genotype 1a and 1b replicon cells was undertaken.
For genotype 1b, resistance selection was performed on cells harboring replicons with three different cell culture-adaptive mutations (S2204I and ⌬S2197 in NS5A and R2884G in NS5B). In each of these replicon cell backgrounds, the predominant mutations associated with BMS-790052 resistance were found at NS5A residues 31 (L31F/V) and 93 (Y93H/N). These results indicate that specific cell culture-adaptive mutations within the replicon did not substantially affect resistance selection outcome, thus providing confidence that the findings from these studies will also be relevant in vivo for viruses without adaptive mutations. In support of this conclusion, BMS-790052 was previously shown to be equally potent against genotype 2a replicons and viruses of the JFH-1 strain, which does not require adaptive mutations for efficient RNA replication (6) .
In transient replicon transfection assays, individual changes at L31 and Y93 modestly affected BMS-790052 potency, and combinations of two of these changes had much greater effects. Substitutions at residues 28 and 32, although identified infrequently (P32L) or not at all (L28T) in inhibitor-selected cells, were also capable of acting as primary resistance mutations, moderately reducing BMS-790052 potency in transient transfection assays. In addition, L23F, R30Q, and P58S mutations were identified as secondary resistance substitutions, not affecting inhibitor potency themselves but markedly enhancing resistance when linked with a primary mutation.
In genotype 1a replicon cells, substitutions at NS5A residues 28 (M28T), 30 (Q30E/H/R), 31 (L31M/V), 32 (P32L), and 93 (Y93C/H/N) were all observed as drug-induced changes. In transient transfection assays, these individual substitutions conferred substantially higher levels of resistance than single amino acid changes in the genotype 1b replicon (Tables 3 and  5 ). The Q30E and Y93N substitutions, in particular, conferred very high levels of resistance to BMS-790052 in transient transfection assays (EC 50 s, Ն150 nM). When selective pressure on 1a replicon cells was increased sequentially, combinations of two of the resistance substitutions (e.g., M28T ϩ Q30H) and a deletion of residue 30 (⌬Q30) were the predominant identified changes. Not surprisingly, replicon clones bearing these mutations exhibited very high levels of resistance to BMS-790052 in transient transfection assays (EC 50 s, Ն553 nM).
Collectively, the genotype 1a and 1b replicon selection studies identified NS5A residues 28 to 32 and 93 as key regions of the protein responsible for mediating inhibitor activity. As such, these residues likely delineate an inhibitor interaction site within the N terminus of NS5A, with binding of inhibitor disrupting one or more functions of NS5A required for RNA replication. While the precise role(s) of NS5A in RNA replication remains elusive, much has been learned about the structure and functions of the protein's N-terminal domains. NS5A amino acids 1 to 30, for example, function as a membrane anchor, directing NS5A or a heterologous protein to an endoplasmic reticulum (ER)-derived membrane compartment, likely the site of HCV replication (2, 5) . Concordantly, NS5A amino acids 5 to 25 were demonstrated to form an amphipathic ␣-helix with a lipid bilayer-associated hydrophobic face and a solvent-exposed polar face (28) . These findings suggest that NS5A is targeted to an ER-derived intracellular membrane in such a way that the hydrophobic surface of the amphipathic ␣-helix is embedded in-plane in a cytosolic leaflet of the membrane, while the polar surface of the helix remains exposed to the cytosol, potentially available for inter-or intramolecular interactions (28) . Penin et al. (28) hypothesized that the cytosol-accessible polar surface of the ␣-helix could provide an essential platform for protein-protein interactions required for assembly of a functional HCV replication complex. Our resistance selection studies identified amino acid substitutions within (L23F) and very near (M28T) the N-terminal amphipathic ␣-helix of NS5A that alter BMS-790052 potency, thus suggesting that the structure or function of this domain could be impacted directly by inhibitor binding. Preliminary investigations suggest that BMS-790052-like NS5A inhibitors do not grossly affect NS5A membrane association, although more subtle effects on localization have not been excluded (D. Qiu, C. Wang, and R. Fridell, unpublished data). Even if they do not disrupt membrane association, BMS-790052 and related inhibitors could still potentially impair NS5A function by altering the structure or composition of a multiprotein complex proposed to assemble on the platform of the N-terminal amphipathic ␣-helix (28) . Further investigations will be required to explore these possibilities. Crystal structures of NS5A domain I without the N-terminal amphipathic ␣-helix have been reported by Tellinghuisen et al. (35) and Love et al. (22) . In both studies, NS5A was crystallized as a colinear homodimer. While the NS5A monomeric units are very similar in the two structures, the structures differ in having nonoverlapping dimer interfaces, suggesting the possibility that NS5A could assume two physiologically relevant dimer configurations, or potentially a multimeric structure (22) . In the structure of Tellinghuisen et al. (35) , the dimer interface is located near the N termini of the monomers, with the bodies of the monomers forming a "claw-like" structure encompassing a potential RNA binding groove. This RNA binding groove is absent in the dimer of Love et al. (22) , perhaps reflecting different functions for the dimers in HCV replication (22) . Both structures are compatible with membrane localization mediated by two N-terminal amphipathic ␣-helices extending from monomers at the same end of the dimer. Specific structural information on NS5A residues 28 to 32, which are important for BMS-790052 resistance, is lacking because these amino acids are not included (22) or are disordered (35) in the structures. These residues would necessarily link the membrane-associated N-terminal amphipathic ␣-helices with the monomer cores and could thus conceivably form an inhibitor binding pocket between the membrane and the core of the monomers, with residues from each monomer contributing inhibitor contact sites. Such a binding model is consistent with the symmetrical structure of BMS-790052 (Fig.  1) . Tyrosine-93, another residue involved in BMS-790052 resistance, is located near the dimer interface in both structures and interacts with the side chain of phenylalanine-37 in the neighboring monomer in the structure of Tellinghuisen et al. (22, 35) . The identification of Y93 as an important site of BMS-790052 resistance suggests the possibility that inhibitor binding could affect dimer formation. If transitioning between alternate dimer configurations is important for HCV replication, it is intriguing to speculate that BMS-790052 could influence this transition, for example, by binding across the dimer interface and stabilizing one conformation over the other. There is currently no empirical evidence to support such a model, however, and further work, including cocrystallization studies, will be required to better understand the binding mode and mechanism of inhibition of BMS-790052 and related inhibitors.
The results from our selection studies identified several differences in the genotype 1a and 1b resistance profiles. Among these was selection of drug-induced mutations at residues 28 and 30. For residue 28, the explanation for this difference is likely trivial. Although a threonine at residue 28 was found to confer resistance in both genotypes, this amino acid substitution was selected only in genotype 1a, likely because this change requires two nucleotide changes in the 1b replicon (L28T; CTC to ACC) but only one change in the 1a replicon (M28T; ATG to ACG). This finding suggests that resistance mutations not observed in the replicon cells due to codon or amino acid usage will likely surface in vivo, where the range of preexisting viral sequences is expected to be much greater. Differences observed in resistance mutations at residue 30 are less easily explained. Residue 30 was identified as a major site of resistance in genotype 1a (Q30H/R/E) but not in genotype 1b. Interestingly, the Q30R mutation, which replaces the wildtype genotype 1a residue with the genotype 1b residue, resulted in a Ͼ1,000-fold decrease in BMS-790052 potency. More dramatically, a glutamic acid residue at position 30 conferred a very high level of resistance in the genotype 1a replicon (ϳ25,000-fold) but had very little effect in the genotype 1b replicon (R30E; 6-fold resistance compared to wild type). A similar situation was also observed at residue 31, with the L31M substitution, which conferred substantial resistance in genotype 1a (350-fold) but very little resistance (3-fold) in genotype 1b. Thus, while the overall patterns of resistance between genotypes 1a and 1b were found to be similar, implying similar binding modes of BMS-790052, they also revealed important differences, including less flexibility for changes at some residues and an overall greater decrease in inhibitor susceptibility caused by most single amino acid substitutions in genotype 1a than in genotype 1b.
When selection was carried out with a genotype 1b hybrid replicon that had sequences encoding the first 100 amino acids of NS5A derived from genotype 1a (1b1a100), the pattern of resistance was very similar to that observed with the genotype 1a replicon, including a high prevalence of mutations at residue 30. This result is consistent with the N-terminal region of NS5A mediating the interaction with BMS-790052 and further implies that the sequence context of the first 100 amino acids of NS5A largely determines resistance selection. On the whole, the results also validate the use of hybrid replicons as tools to study genotype-specific NS5A inhibitor susceptibilities. One important difference, however, was observed between the authentic 1a replicon and the 1b1a100 hybrid replicon: the levels of resistance conferred by resistant variants in transient transfection assays were consistently greater in the authentic 1a replicon than in the 1b1a100 hybrid replicon. As an example, the M28T mutation conferred 683-fold resistance in the genotype 1a replicon but only 50-fold resistance in the hybrid replicon. The reason for this discrepancy is not clear, but it does suggest that the inhibitory activity of BMS-790052 is also affected by regions outside the first 100 amino acids of NS5A. One possibility is that interactions between the NS5A N-terminal region and other components of the HCV replication complex influence the impact of resistance mutations. To date, no amino acid substitutions that contribute to BMS-790052 resistance have been identified beyond the N-terminal 93 amino acids of NS5A. However, the range of resistance mutations identified and the identification of secondary substitutions that modulate the effects of primary mutations suggest that the current findings could underestimate the complexity of resistance to this inhibitor.
Across HCV genotypes, variation is observed at several of the residues identified as important sites of genotype 1 resistance. For example, for the majority of sequences in the European HCV database, residue 30 is a lysine in genotype 2a and an alanine in genotype 3a, residue 31 is a methionine in genotype 4a, and residue 93 is a threonine in genotype 5a (not shown). Despite this variation, BMS-790052 exhibited excellent potencies (EC 50 s, Յ146 pM) against replicon clones with NS5A sequences derived from these diverse genotypes (6) . These results are consistent with the findings of the current report, which reveal that the sequence context of a particular resistance mutation is very important in determining its impact on BMS-790052 susceptibility.
Among the drug-induced mutations identified in this study, the deletion of residue 30, selected in genotype 1a at a very high selective pressure, conferred the highest level of resistance to BMS-790052. In transient replicon transfection assays, a replicon carrying this mutation replicated at ϳ7% of the level of the parental replicon. In genotype 1b, replication of a replicon with a deletion of residue 30 required an additional compensatory change (P32L). Also, deletion of residue 30 was not observed in any of the genotype 1a or 1b sequences deposited in the European HCV database (n ϭ 2,344) ( Table 6 ), suggesting that this variant is unlikely to be encountered as a prevalent preexisting variant in vivo. Collectively, these findings suggest that this mutation may not figure prominently in clinical resistance to BMS-790052. In addition, the residue 30 deletion variants remained fully sensitive to other DAA (data not shown).
The number of mutations identified that confer resistance to BMS-790052 (e.g., M28T, Q30E/H/R, L31M/V, and Y93C/ H/N mutations in genotype 1a) might at first glance suggest a relatively low resistance barrier for this inhibitor compared to other direct-acting antivirals. However, since BMS-790052 is such a potent inhibitor of wild-type genotype 1 replicons (EC 50 , Ͻ10 pM in transient transfection assays), most resistant variants with single amino acid substitutions were still inhibited by BMS-790052 at subnanomolar (genotype 1b) or low-nanomolar (genotype 1a) concentrations. Data from a single-ascending-dose clinical study indicated that plasma concentrations of BMS-790052 capable of suppressing most of the single-aminoacid variants with resistance should be readily achievable (6) . In this case, only a few of the individual variants (e.g., Q30E and Y93N in genotype 1a) or double amino acid substitutions may ultimately prove clinically relevant.
Given the error rate of the HCV replicase and the high degree of genetic variability preexisting within infected individuals (14, 33) , it is unlikely that BMS-790052 or any other DAA will be successful as a monotherapeutic agent for HCV infection. Importantly, NS5A variants exhibiting high levels of resistance to BMS-790052 remained fully sensitive to pegIFN-␣ as well as to small-molecule inhibitors of HCV protease and polymerase ( Table 7 ), indicating that these variants would likely be suppressed in combination therapy approaches. With its extraordinary potency and nonoverlapping resistance profile, BMS-790052 has the potential to be an important component in future HCV therapeutic strategies.
